Skates exhibit a variety of manifestations of sexual dimorphism. However, this phenomenon has been poorly documented in deepwater species. New data on the sexual dimorphism of five species of deepwater skates from the North Atlantic Ocean are presented: Amblyraja jenseni, Bathyraja pallida, Bathyraja richardsoni, Rajella bigelowi, and R. kukujevi. These skates exhibit sexual dimorphism most frequently in interorbital width, disc length and width, length of the third gill slit, horizontal diameter of the orbit, length of the fifth gill slit, space between the first and fifth gill slits, length of the second dorsal fin base, mouth width, length and width of each lobe of the nasal curtain, distance from the snout to the center of anus, distance from the snout tip to the point of maximum disc width, length of the lateral fold, length of the orbit + spiracle (measured together), tail height at the pelvic fin tips, and the number of median thorns.
Introduction
Skates (Rajoidei) comprise an important component of shelf and continental slope benthic communities of the world's oceans. They are major consumers of cephalopods, decapods, and fishes, often utilizing the same food resources as the apex predators, such as sea birds, marine mammals, and sharks [1] . Skates, like all chondrichthyan fishes, exhibit sexual dimorphism in the structure of the pelvic fins, which in males are modified to act as copulatory organs, or claspers [2] . Also, mature male skates have alar thorns on the edges of the disc, which help to grasp the female during copulation [3] [4] [5] . In many species sexual differences have been reported in length, body mass, size and age of sexual maturity, other external morphological features, and diet [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Mature females and males of several skate species exhibit differences in the form and length of the teeth [3, 15, [17] [18] [19] [20] [21] [22] [23] . In one species, differences were observed in the shape and size of the shoulder and pelvic girdle [24] . Sexual differences in size and shape of the olfactory and electrical organs have also been found in some skates [3, [25] [26] [27] . Even with this variety of manifestations of sexual dimorphism in skates, the phenomenon has been poorly documented in deepwater species. This study presents new data on sexually dimorphic morphological characters of five deepwater skate species from the North Atlantic Ocean: Jensen's skate, Amblyraja jenseni [28] ; pale ray, Bathyraja pallida [29] ; Richardson's ray, Bathyraja richardsoni [30] ; Bigelow's ray, Rajella bigelowi [31] ; Mid-Atlantic skate, R. kukujevi [32] .
Materials and Methods
Our comparative analysis of skate morphology was based on the measurement of 45-47 morphometric and 2-15 meristic characters, according to protocols used in recent years [33] [34] [35] . For some meristic characters (preorbital thorns, postorbital thorns, orbital thorns, interspiracular thorns, and scapular thorns) we observed differences in thorn counts on the left and right side of each specimen. Therefore, we present maximum, minimum, and mean values for one side for each character. The material examined by the authors during 2005-2006 consisted of the majority of specimens of five deepwater skate species available from ichthyological collections worldwide (MCZ-Museum of
Results and Discussion
Amblyraja jenseni was described in the middle of the past century [28] and since then, several records of this skate have been reported from the North Atlantic [43] [44] [45] [46] [47] . Until recently, morphometric and meristic data were limited to three specimens [28, 36, 39] . Although a recent study [35] considerably expanded the knowledge of morphological features of A. jenseni, information about sexual dimorphism of this species, until now, was absent.
Our results show that the greatest differences in male and female A. jenseni are found in the disc length, horizontal diameter of the orbit, height of the tail at the pelvic fin tips, length of the third gill slit, space between the fifth gill slits, distances from the center of the anus to the first and second dorsal fins (Table 1) .
Bathyraja pallida was described in the second half of the past century [29] . Although there have been eight subsequent specimens collected [34, 45, [48] [49] [50] , morphometric and meristic data are limited to two specimens, and these accompanied the original description of the species [29] . A recent publication [35] contributed to the existing morphological data available for this species; however, that study did not include information about sexual dimorphism. Furthermore, these data were based on the examination of only three specimens.
Maximum differences between male and female B. pallida were found in the following characters (Table 2) : interorbital width, interspiracular width, height of the first dorsal fin, lengths of the first and second dorsal fin bases, tail height at the pelvic fin tips, mouth width, nasal curtain length and width, width of each lobe of the nasal curtain, length of first gill slit, space between the first gill slits and the fifth gill slits, distance from the snout tip to the center of the anus, distance from the center of the anus to the tail tip, and the number of teeth in the lower jaw.
The morphological and meristic characters of Bathyraja richardsoni have been examined more thoroughly than most other species in our study. Information on the morphology of 16 mature individuals of this species has been published in several early papers [30, 40, 51, 52] . However, these studies omitted many of the morphometric and meristic characters used in our study. More recently [34] , a similar measurement scheme on four advanced embryos of this species was used, and the same measurement scheme was used on several specimens caught on the Mid-Atlantic ridge during the MAR-ECO expedition (www.mar-eco.no), as well as material from the BMNH and MNHN collections [35] . Nevertheless, none of these prior studies offer information about sexual dimorphism of B. richardsoni.
Our results show B. richardsoni to be sexually dimorphic in the following characters (Table 3) : disc width, disc length, horizontal diameter of the orbit, length of the orbit + spiracle (measured together), tail width at the pelvic fin tips, length of the lateral fold, mouth width, lengths of the third and fifth gill slits, distance from the snout tip to the center of the anus, distance from the snout tip to the line of maximum disk Table 1 : Morphometrics and meristics of male and female Jensen's ray Amblyraja jenseni from different areas of the North Atlantic (significant differences are given in bold, number of specimens examined are shown in parentheses, m = standard error). Females (7) Males ( Females (7) Males ( Journal of Marine Biology Table 2 : Morphometrics and meristics of male and female pale ray Bathyraja pallida from different areas of the North Atlantic (significant differences are given in bold, number of specimens examined are shown in parentheses, m = standard error, na = not available).
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Center of anus to D1 Table 4 : Morphometrics and meristics of male and female Bigelow's ray Rajella bigelowi from different areas of the North Atlantic (significant differences are given in bold, number of specimens examined are shown in parentheses, m = standard error, na = not available).
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Males ( Females (4) Males ( Females (4) Males ( Table 5 : Morphometrics and meristics of male and female Mid-Atlantic skate Rajella kukujevi from different areas of the North Atlantic (significant differences are given in bold, number of specimens examined are shown in parentheses, m = standard error, na = not available).
Females (2) Males ( Females (2) Males ( width, and the number of median thorns. The morphology of Rajella bigelowi has been documented better than all the other species in our study, with published data on 30 specimens [31, 33] . In a recent study, additional data on the morphology and meristics of R. bigelowi from the North Atlantic was provided [35] , based on specimens from the MCZ and MHNH and two neonates collected from the Mid-Atlantic Ridge (ZMUB). However, there have been no investigations concerning the sexual dimorphism of this species. Our analysis of 18 specimens of R. bigelowi showed that males and females of this species differ significantly in the following characters (Table 4) : interorbital width, length of the orbit + spiracle (measured together), head length, length of the nasal curtain, width of each nasal curtain lobe, length of the third and fifth gill slits, and the number of preorbital thorns. Some of the thorn counts for this species varied on the left and right sides of the specimen (i.e., orbital thorns, scapular thorns, etc.). Therefore, the maximum, minimum, and mean values for these characters are shown for one side of the animal. Apparent sexual dimorphism of meristic characters could be due to our small sample size or low variation among the specimens observed.
Morphometric and meristic data from Rajella kukujevi are published in a single paper, which is the original description of the species [32] . Unfortunately the description of this species included only a small number of characters. Since then, only three specimens have been collected [50, 53] , but these subsequent records lack any reporting of morphometric or meristic data. Therefore, the morphology of this species has been scantly reported and no data on sexual dimorphism are available.
The males and females we examined differ in the following characters (Table 5) : disc width, interorbital width, length of the second dorsal fin base, lateral fold length, space between the first gill slits, distance between the snout and the point of maximum disc width, number of interspiracular and median thorns, number of lateral spines on the right and left sides of the tail, and the number of trunk vertebrae. Like R. bigelowi, the apparent sexual dimorphism of meristic characters could be due to our small sample size (only two females examined) or low variation among the specimens observed. Conversely, other characters might be sexually dimorphic but not detected by our analysis, owing to very high variation in some characters (i.e., median thorns and lateral spines). Also, like R. bigelowi, the maximum, minimum, and mean values for some of the thorn counts were given for one side of the animal.
Studies of sexual dimorphism in batoids are limited. However, these previous studies found sexual dimorphism in various morphological characters. For example, males and females of the South American apron ray, Discopyge tschudii, and Patagonian skate, Bathyraja macloviana, differ in disc length [15, 26] . Male and female zipper sand skates, Psammobatis extenta, from Argentinean waters exhibit sexual dimorphism in the prenasal snout length, distance between the anus and tail tip, and distance between the snout tip and anus [14] . The thorny skate, Raja clavata, from the Adriatic Sea exhibits sexual dimorphism in the disc length and maximum eye diameter [6] . Also, many North Pacific skate species from Japanese waters have shown sexual dimorphism in snout lengths, lengths of the pelvic fins, and tail lengths [3] .
Our study shows that North Atlantic deepwater skates from the genera Amblyraja, Bathyraja, and Rajella exhibit sexual dimorphism most frequently in the following characters: interorbital width and length of the third gill slit (three of five species), disc length and width, horizontal diameter of the orbit, length of the fifth gill slit, space between first gill slits, space between fifth gill slits, length of the second dorsal fin base, mouth width, length and width of each lobe of the nasal curtain, distance from the snout tip to the center of the anus, distance from the snout to the point of maximum disc width, length of lateral fold, length of the orbit + spiracle (measured together), tail height at the pelvic fin tips, and the number of median thorns (two of five species).
Sexual dimorphism in disc length and the distance from the snout tip to the anus has been noted for other skate species [6, 14, 15, 26] . This is probably due to the larger size attained by females, compared to males of the same age [8] [9] [10] [11] 16] . The same reason may cause differences between males and females in the length of the lateral fold, distance from the snout tip to the point of maximum disc width, and the number of median thorns.
Our study shows that females of some species have a relatively wider disc compared to males and this is likely responsible for the observed differences in interorbital width, length of gill slits, length of the orbit + spiracle (measured together), and the space between the gill slits. Differences in mouth width in some species may be caused by sexual dimorphism of the shape and number of teeth in adult skates, as well as differences in diet [3, 9-11, 15, 17-23] . The same cause might be responsible for differences between males and females in size of the nasal curtain.
We also observed differences between males and females in the tail height at the tips of pelvic fins. Since the tail is used in courtship and copulation, it is reasonable to assume that these differences can be attributed to reproductive behaviour.
Forster [37] noted the existence of minor sexual differences in colour patterns of Bathyraja richardsoni that may be related to limited observations (single male and single female examined) and is likely attributable to individual variation. Our study did not reveal significant differences in colouration between males and females in any of the five species examined. However, ontogenetic changes in colour pattern were observed in four of the five species (A. jenseni, B. pallida, B. richardsoni, R. bigelowi) , while R. kukujevi demonstrated considerable individual variation in colouration.
